Nitrous acid (HONO) photolysis constitutes a primary source of OH in the early morning, which leads to changes in model gas-phase and particulate matter concentrations. However, state-of-the-art models of chemical mechanisms share a common representation of gas-phase chemistry leading to HONO that fails in reproducing the observed profiles. Hence, there is a growing interest in improving the definition of additional HONO sources within air quality models, i.e. direct emissions or heterogeneous reactions. In order to test their feasibility under atmospheric conditions, the WRF-ARW/HERMES/CMAQ modeling system is applied with high horizontal resolution (4 Â 4 km 2 ) to Spain for November 24e27, 2008. HONO modeled sources include: (1) direct emissions from on-road transport; NO 2 hydrolysis on aerosol and ground surfaces, the latter with (2) kinetics depending exclusively on available surfaces for reaction and (3) refined kinetics considering also relative humidity dependence; and (4) photoenhanced NO 2 reduction on ground surfaces. The DOMINO measurement campaign performed in El Arenosillo (Southern Spain) provides valuable HONO observations. Modeled HONO results are consistently below observations, even when the most effective scenario is assessed, corresponding to contributions of direct emissions and NO 2 hydrolysis with the simplest kinetics parameterization. With the additional sources of HONO, PM 2.5 predictions can be up to 14% larger in urban areas. Quantified impacts on secondary pollutants have to be taken as a low threshold, due to the proven underestimation of HONO levels. It is fundamental to improve HONO sources definition within air quality models, both for the scientific community and decision makers.
Introduction
Nitrous acid (HONO) photolysis is recognized as an important source of hydroxyl radical, OH (Platt et al., 1980; Elshorbany et al., 2009) , being responsible for up to 34%e60% of morning OH production in urban areas (Alicke et al., 2003; Elshorbany et al., 2009; Ren et al., 2003) . OH being a primary daytime oxidant in the troposphere, HONO sources and sinks have to be adequately represented within air quality models in order to accurately predict air pollution levels.
Homogeneous gas-phase chemistry (Platt et al., 1980) alone fails to capture the observed HONO profiles (Calvert et al., 1994; Winer and Biermann, 1994; Kurtenbach et al., 2001) . Thus, other direct and indirect sources of HONO must be accounted for to bridge the gap between modeling studies and ambient measurements. A primary source of HONO is combustion processes, which was widely recognized in the early nineties (Calvert et al., 1994; Winer and Biermann, 1994) . On-road transport makes the largest contribution to direct HONO emissions, especially in urban areas. Heterogeneous chemistry is another potential key HONO source in the atmosphere, but the specifics of chemical mechanisms and reaction kinetics still remain unclear.
One proposed pathway for HONO formation in the atmosphere is the hydrolysis of NO 2 on wet surfaces (Kleffmann et al., 1998; Kurtenbach et al., 2001; Finlayson-Pitts et al., 2003; Stutz et al., 2004) :
The reduction of NO 2 adsorbed on surfaces could also lead to nitrous acid production. Soot and other aerosol surfaces have been suggested as effective substrates for reaction (Ammann et al., 1998) , which could be enhanced due to sunlight (Stemmler et al., 2007; Monge et al., 2010) . However, the small surface area of aerosols when compared to ground surfaces and the rapid surface deactivation processes, raise the question of the relative contribution of reactions on particles to the atmospheric HONO budget (Sarwar et al., 2008) . Modeling studies estimated the contribution of reactions on soot surfaces to HONO daily levels being lower than 2% (Li et al., 2010) , even in highly polluted urban areas such as Mexico City. In contrast, An et al. (2011) and Li et al. (2011) estimate on average that 59% of HONO is produced via reactions on aerosols for the Beijing, Tianjin and Hebei province of China, which could be due primarily to the high concentrations of PM 10 (up to 300 mg m À3 ) and PM 2.5 (up to 200 mg m À3 ). Chamber experiments using humic acid films (Stemmler et al., 2006) suggest that ground surfaces that can act as possible substrates for photoenhanced NO 2 reduction. Heterogeneous conversion of nitric acid (HNO 3 ) on primary organic aerosols (Ziemba et al., 2010) or ground surfaces (RiveraFigueroa et al., 2003) yields HONO, however those reactions have been recently discredited under atmospheric conditions (Kleffmann et al., 2004; Kleffmann and Wiesen, 2005) . Other works (e.g. Zhou et al., 2003) , proposed that the photolysis of HNO 3 on ground and aerosol surfaces could be a potential HONO source. A modeling study over the eastern United States region showed contributions to HONO diurnal levels from that source up to 32% (Sarwar et al., 2008) . However, such high contribution is not supported by chamber experiments (Rohrer et al., 2005) .
Other photoenhanced HONO production pathways are the photolysis of ortho-nitrophenols (Bejan et al., 2006) , or photoelectronically excited NO 2 (NO 2 * ) reaction with water (Li et al., 2008 (Li et al., , 2009 ). Both reactions yield significant HONO production below specific conditions, unlikely to be frequent in the atmosphere, such as relatively high concentrations of nitro-phenols (on the order of ppmv) or particular solar density fluxes (Li et al., 2010; Carr et al., 2009) . Modeling studies considering NO 2 * reaction with water (Wennberg and Dabdub, 2008) have concluded that further investigation is needed in order to include it within atmospheric models.
A recently conducted field campaign in Southern Spain (Sörgel et al., 2011) , DOMINO, identified a strong diurnal source of HONO. Sörgel and coworkers showed that known photoenhanced HONO sources, such as NO 2 reduction on aerosols and NO 2 * reaction with water, contribute up to 10% to HONO observed levels, concluding that there must be an additional unidentified diurnal HONO source. Su et al. (2011) suggest that this unknown diurnal source can be due an acid-base equilibrium between aqueous phase of soil nitrite, originated from biological nitrification and denitrification processes, and gas-phase nitrous acid, depending on the pH and the nitrite concentration of soil. Further studies of HONO release from soil and related processes of biogeochemical nitrogen cycling are recommended by the authors.
The main goal of this work is to assess the ability of current state-of-the-art air quality models to reproduce HONO profiles by including the latest findings in laboratory and field studies on HONO emissions and chemical production pathways. Here, the WRF-ARW/HERMES/CMAQ modeling system, which is the basis of the CALIOPE system (Baldasano et al., 2008a; Baldasano et al., 2011; Pay et al., 2010 Pay et al., , 2012 , is used to test the contribution of different sources to HONO levels in Spain during November 24e27, 2008. Model predictions are compared to HONO observations from the DOMINO campaign performed in El Arenosillo station (Southern Spain) for the analyzed period (Sörgel et al., 2011) . Previous modeling studies have included heterogeneous HONO production on ground surfaces as simple parameterizations considering constant surface to volume ratios (Vogel et al., 2003; Li et al., 2010) , or neglecting the relative humidity influence on kinetics (Sarwar et al., 2008) . Here, those variables influencing HONO heterogeneous production are characterized in detail and their effects analyzed. For the first time, the HONO impact on OH release in urban areas of Spain is quantified and its effect on secondary pollutants production examined.
Methods
The modeling domain is Spain (d02 in Fig. 1 ) with 4 Â 4 km horizontal resolution and 15 sigma vertical layers up to the top of the atmosphere, set at 50 hPa. The selected period for the study covers November, 24e27, 2008. The Advanced Research Weather Research and Forecasting (WRF-ARW) Model v3.0.1.1 (Michalakes et al., 2004; Skamarock and Klemp, 2008) provides the necessary meteorological inputs for the air quality simulations. The High Elective Resolution Modeling System (HERMES; Baldasano et al., 2008b ) is used to estimate emissions of gas-phase and aerosol pollutants. Previous studies showed that NO 2 levels in Spain are consistently underestimated (Baldasano et al., 2008b; Baldasano et al., 2011) , so NO x emissions enhancement by a factor of 2 is chosen for this study after some preliminary examinations. The third generation Models-3 Community Mesoscale Air Quality (CMAQ) Modeling System v4.7.1 (Foley et al., 2010) provides the evolution of the air quality levels. In particular, gas phase chemistry is represented by the Carbon Bond 5 (CB05) chemical mechanism (Yarwood et al., 2005) . Aerosols chemistry and processes are treated through the AERO5 module (Binkowski and Roselle, 2003; Byun and Schere, 2006; Carlton et al., 2010) . Integrated Reaction Rate module (IRR, Gipson, 1999) is applied here to assess the contribution of different OH sources to total OH release in the troposphere.
Initial conditions are provided by means of a 24 hour spin-up. Boundary conditions are obtained from a coarser simulation covering the European region (478 Â 398 grid cells, 12 km Â 12 km horizontal resolution, 15 vertical sigma layers, d01 in Fig. 1 ), performed with the CALIOPE modeling system. Emissions for the European domain come from the EMEP database (www.emep.int) and are disaggregated to the 12 km grid. CALIOPE (www.bsc.es/ caliope) has been used extensively to assess the air quality levels in Spain, both in the hindcast and forecast modes (e.g. Baldasano et al., 2008a; Pay et al., 2010 Pay et al., , 2012 .
HONO emissions
Studies using different vehicles and engine tests have shown that HONO to NO x emission ratios range from 0.01% to 1.8% (Kurtenbach et al., 2001) , depending on the vehicle and fuel type, and the oxygen content. Generally, diesel vehicles under rich operation conditions lead to higher HONO/NO x ratios than gasoline-fuelled vehicles under lean operation conditions (Kurtenbach et al., 2001 ). Kirschtetter et al. (1996) measured a HONO/NO x ratio of 0.29% (AE0.05%) in a tunnel study conducted in California, where more than 99% of the vehicle fleet were gasoline-fuelled vehicles. Kurtenbach et al. (2001) sampled a 0.8% (AE1.0%) ratio in Germany, where the average vehicle fleet composition included around 75% of gasoline fuelled cars. The latter results have already been adopted by several modeling communities, such as the Models-3 Community from US-EPA and the CHIMERE community in France (Sarwar et al., 2008; INERIS, 2009 ). Therefore, a 0.8% HONO/NO x ratio is applied in this study to emissions from on-road transport. This conservative approach may slightly underestimate HONO emissions, as in Spain vehicle fleet composition accounts for higher ratios of diesel-fuelled vehicles (51% in 2008; DGT, 2010) than those reported by Kurtenbach et al. (2001) for Germany (around 25%).
HONO production via heterogeneous chemistry and photolytic pathways
NO 2 hydrolysis on the ground, buildings and vegetation surfaces (R1) is believed to be a major contributor to HONO formation in the atmosphere, especially at night Vogel et al., 2003) . Kinetics of reaction (R1) is shown to be first order in NO 2 (Kleffmann et al., 1998; Finlayson-Pitts et al., 2003) and a function of relative humidity (Stutz et al., 2004) . While previous modeling studies have considered R1 on ground surfaces (Sarwar et al., 2008) , the role of relative humidity has not been tested. This work evaluates the impact of two different kinetic parameterizations for the NO 2 hydrolysis on surfaces. First, the existing approach included in the CMAQv4.7.1 model is applied (Sarwar et al., 2008) . It uses a kinetic constant,
], based on Kurtenbach et al. (2001) ,
where S (m 2 ) represents the available surface area within a given volume, V (m 3 ). Ground surfaces, namely vegetation and building surfaces, are parameterized following Sarwar et al. (2008) . Aerosol surfaces are computed within the AERO5 module in CMAQv4.7.1.
Second, a new expression is derived using the HONO production rate reported by Finlayson-Pitts et al. (2003) ], can be written as
with RH in % and S/V in m
À1
. There are evidences from field campaigns of a strong diurnal HONO source, which recent laboratory studies suggest to be first order in NO 2 and occurring at surfaces (Stemmler et al., 2006) . Therefore,
Kinetics is parameterized following the recommendations from Li et al. (2010) and Aumont et al. (2003) , therefore the first order constant for the reaction (R2) is estimated via
where v NO2 is the deposition velocity of NO 2 (m s
), S/V is the surface to volume ratio (m
) and g NO2 is the uptake coefficient for NO 2 , which is higher during daytime than nighttime in order to represent the photoenhanced HONO formation. More specifically, g NO2 is set to be 1 Â10 À6 for nighttime (Kurtenbach et al., 2001 ), 2 Â 10 À5 for light density lower than 400 W m
À2
, and a linearly scaled function for higher light density values, eq. (4), (Li et al., 2010) ,
Summary of scenarios
In order to assess the influence of traffic HONO emissions, heterogeneous hydrolysis of NO 2 on surfaces and photoenhanced NO 2 reduction on surfaces, five scenarios are developed and examined in this study (Table 1 ). All scenarios use CB05 (Yarwood et al., 2005) for the gas phase chemistry representation, which constitutes the only source of HONO in the BASE scenario. The EM08 scenario includes exclusively HONO emissions, as 0.8% of NO x emitted from on-road traffic, and gas phase chemistry. Besides direct emissions, NO2H adds NO 2 hydrolysis on ground and aerosol surfaces with kinetics defined by Eq. (1), which is the default CMAQv4.7.1 configuration. Similar to NO2H, NO2HRH also includes NO 2 hydrolysis on surfaces, but the kinetics is redefined by Eq. (2) to consider the influence of relative humidity. Finally, PHOT considers direct HONO emissions and both hydrolysis and photoenhanced reduction of NO 2 on surfaces according to Eqs. (3) and (4). (Fig. 2) indicates that NO 2 dynamics are generally well captured by the model.
Results and discussion

Model evaluation
Assessment of different HONO sources
Predicted HONO levels by WRF-ARW/HERMES/CMAQ are compared to observations from the DOMINO campaign in El Arenosillo air quality station (Sörgel et al., 2011) . The station is located in a forested area mainly composed of pine trees that can be affected by industrial plumes from a refinery and a power plant located 20 km away in the northwest direction, depending on the meteorological conditions. Plumes arriving from the harbor and industrial area of Algeciras can also affect this station (Fig. 1) .
HONO observed levels in El Arenosillo follow diurnal dynamics, characterized by a build-up during the late afternoon and nighttime, with maximum concentrations below 250 ppt, followed by a drop in concentration during morning due to photolysis (sun rises around 7:00 UTC, 8:00 local time, as Spain is UTC þ 1 in wintertime). Peaks above 100 ppt at 8:00 UTC, November 25 and 26, are attributed mainly to transported plumes downward from the Sevilla area, coinciding with NO 2 peaks above 10 mg m À3 (Fig. 3) .
Gas-phase chemistry alone (BASE case) yields HONO levels in El Arenosillo below 20 ppt (Fig. 3) . HONO predicted concentrations are underestimated (MNBE of À94.06%) and show an anticorrelation with observed values (r ¼ À0.33), because peaks are predicted around midday. Such false peak of HONO caused by gasphase chemistry alone has been discussed previously (Sarwar et al., 2008) .
WRF-ARW/HERMES/CMAQ reproduces the HONO diurnal dynamics properly in the NO2H case (with a correlation between observed and modeled concentrations of 0.55) e Fig. 3 . In particular, morning peaks of HONO on November 25 and 26 are captured by the model. On the contrary, situations dominated by westerlies, such as 0:00 UTC to 7:00 UTC on November 24, correspond to a clear underestimation of HONO levels (Figs. 3 and 4) . In these cases, dominant winds favor the transport of plumes from the industrial area of Huelva, characterized by high NO 2 levels. The underestimation suggests the lack of additional HONO sources, which could be attributed to emission sources besides traffic and chemical mechanisms other than NO 2 hydrolysis on surfaces. In spite of that fact, the NO2H scenario is the most effective in producing HONO in the El Arenosillo region, where direct HONO emissions from traffic do not have a noticeable influence. In fact, EM08 scenario underestimates the HONO levels by an order of magnitude. HONO dynamics in this case are not captured either, with a correlation factor between model and observations of 0.11, indicating that chemistry plays an important role in HONO formation in areas with limited on-road traffic emissions. The emissions of other activity sectors, such as industrial combustion processes should be explored in order to assess their potential contribution as HONO sources.
NO2HRH, the scenario with relative humidity dependent parameterization, yields negligible HONO in the El Arenosillo area. Examining the whole Spanish domain, only a few ppt of HONO are produced for NO 2 concentrations above 90 mg m À3 over the largest urban areas with high traffic emissions. Therefore, kinetics as parameterized in Eq. (2) is not effective in producing HONO under atmospheric conditions. Even at locations with the highest relative humidity (RH ¼ 100%), the reaction rate from Eq. (2) would still be two orders of magnitude lower than the rate from Eq. (1). Evidence of the influence of RH on HONO production has been proved by means of field campaigns (Stutz et al., 2004) , thus our results suggest that additional measurement campaigns and chamber experiments are needed in order to better parameterize RH dependence within kinetics in air quality models.
The PHOT case is comparable to the approach by Li et al. (2010) for photolytic HONO formation pathways. Based on our model results, HONO production as parameterized by Eqs. (3) and (4) is relatively negligible, even at the highest NO 2 concentrations in main urban areas. Efficient photolytic production found by previous studies, such as 17% of HONO production via NO 2 hydrolysis and photoenhanced NO 2 reduction on surfaces for Mexico City (Li et al., 2010) . In addition, a land-use dependent approach is considered in this study for the parameterization of the surfaces available for reaction (Sarwar et al., 2008) , with S/V as a function of the percentage of urban area and the leaf area index. Li et al. (2010) assumed the bulk surface of the model as a reactive surface (with a constant S/V ratio of 0.1 m À1 ), which could be a valid approach for a densely populated area such as Mexico City, but it is not applicable to other regions such as Spain. In addition, the strength of the photolytic source depends on the deposition velocity of NO 2 , which peaks during daytime at 0.6e0.7 cm s
À1
. The enhancement due to solar radiation is at the most a factor of 1.2, as solar radiation hitting the ground ranges from 0 to roughly (3) and (4) yield HONO production rates three orders of magnitude lower, even when all parameters are set to their maximum values. It should be noted that this analysis corresponds to a wintertime episode and that during summertime enhancement on kinetics due to solar radiation would be higher. Even so, it is unlikely that the current parameterization would yield a reaction rate three orders of magnitude larger during the summer. These results show that the parameterization of factors affecting the kinetics, such as the S/V ratio, has to be handled carefully, as it has an important impact on final predictions and it is subject to high uncertainty. From now on, the discussion will be centered in the NO2H case, which includes HONO emissions as 0.8% of NO x emissions from traffic and heterogeneous NO 2 hydrolysis on ground and aerosol surfaces, with kinetics derived from Eq. (1). In those rural areas affected by NO x plumes (both from large urban areas or industrial sites), HONO peaks can reach 200e300 ppt. However, HONO levels predicted in remote rural areas are usually below 50 ppt (Fig. 5) .
Urban regions are expected to present higher HONO levels, primarily associated to on-road traffic emissions, but also produced via heterogeneous chemistry on available surfaces such as buildings. There are no references of urban measurements of HONO in Spain, but previous studies worldwide are analyzed as a reference (e.g. Platt et al., 1980; Wentzell et al., 2010) . Urban HONO levels exhibit wide variations depending on the location particularities, such as emissions and meteorological conditions. Nevertheless, observations follow a trend showing maximum HONO values before sunrise from 0.4 ppb to 15 ppb. Daytime concentrations of HONO are low, falling sometimes below the detection limits. Peak HONO levels in Spain are found over densely populated urban areas (Fig. 5) , up to 3400 ppt and 2000 ppt for the Madrid (9:00 UTC, November 25) and Barcelona urban areas (19:00 UTC, November 26), respectively. Trends follow the expected diurnal cycle, with a concentration build-up from 15:00 h UTC onward. HONO peaks either in late afternoon or early morning, depending on the area, and HONO midday concentrations are consistently below 100 ppt. Predicted values are in the range of observations in urban areas worldwide.
HONO contribution to OH release, effects on secondary pollutants
Photolysis of ozone (O 3 ) in the presence of water vapor is a major hydroxyl radical source in the lower troposphere (Atkinson, 2000) . The IRR analysis (Gipson, 1999) is applied here to a reduced domain (20 Â 20 cells) defined over the Madrid urban area. The goal is to assess the importance of HONO as a source of OH compared to O1D reaction with water vapor. In this case, HONO is the dominant OH source in the early morning (Fig. 6 ). From 12:00 UTC onward, photolysis of O 3 becomes the dominant source, as HONO concentration decays. These results are comparable to those calculated by Sörgel et al. (2011) from the DOMINO measurement campaign in El Arenosillo. There, they quantified the integrated contribution of HONO to OH release being 20% higher than the O 1 D reaction with water vapor. Our results confirm that HONO is not only important as an OH precursor in the early morning in rural areas, but also in urban environments. For the selected wintertime episode, the integrated contribution of HONO photolysis to OH formation is quantified to be 26% higher than O 3 photolysis (taking the total production as a reference). Further analysis should be performed during summertime, when O 3 concentrations are specially enhanced in Spain due to the meteorological conditions: high solar radiation indexes and frequent stagnant conditions, which favor the accumulation of secondary pollutants. However, since O 3 maxima normally occur in downwind areas from the main NO x sources, the HONO photolysis is presumed to be still an important OH source during summertime in urban areas, as has been proved already in previous studies worldwide (i.e. Alicke et al., 2002) .
It is important to adequately reproduce OH cycles within air quality models due to its impact on both gaseous pollutants and aerosol levels. During the episode studied here, main air quality problems are centered in large urban areas (i. (Table 2) . NO 2 concentration near main NO x emission sources is slightly higher in the BASE case than in those cases including HONO emissions. This is mainly attributed to the differential NO x speciation in emissions, which characterizes 10% of NO x from on-road traffic as NO 2 in the BASE case and 9.2% in those cases including HONO emissions. This effect is reversed by HONO chemistry in large urban areas, namely Barcelona and Madrid, when HONO release is the highest. There, NO 2 levels for the NO2H case are slightly higher than in the BASE case during the morning (from 10:00 UTC to 14:00 UTC). This effect is attributed to the higher oxidation capacity of the atmosphere and it has been already reported for similar studies elsewhere (i.e. Li et al., 2010) . However, those changes do not affect NO 2 predicted peaks in Spanish urban areas.
The production of OH from HONO photolysis in urban areas in the early morning increases the oxidation capacity of the atmosphere, thus the high NO x levels from traffic emissions are likely to further oxidize and yield nitric acid (HNO 3 ). Gas phase HNO 3 can then partition into the aerosol phase, or be absorbed onto existing aerosols to form nitrate aerosols (NO 3 À ). In the Madrid urban area, PM 2.5 concentration increases up to 3.5 mg m À3 for November 25 at 10:00 UTC; BASE case PM 2.5 concentration is 22.0 mg m À3 (Fig. 7) . 62% of the PM 2.5 change is attributed to enhanced nitrate formation. This is the case also in Barcelona for November 26 at 11:00 UTC, when PM 2.5 concentration raises 2.1 mg m À3 , from 20.0 mg m À3 predicted on the BASE case. Nitrate aerosols increase by 1.6 mg m À3 in this case. Ammonium aerosols and secondary organic aerosols (SOA) show also slight increases due to the introduction of HONO, but to a much lower extent than NO 3
À
. The effect on SOA should be assessed also during summertime, when biogenic volatile organic compound emissions are larger and therefore there is greater abundance of precursors.
The additional OH release in the early morning due to HONO (NO2H case) does not cause a significant impact on O 3 levels. Background concentrations remain unaffected. Areas that are located downwind major HONO sources (i.e. downwind of urban areas), do not show significant variations either. Downtown O 3 levels in Madrid are slightly affected during the morning, increasing 
Conclusions
Direct emissions and NO 2 hydrolysis on ground surfaces significantly improve the WRF-ARW/HERMES/CMAQ performance in predicting HONO levels in Spain. Modeled HONO levels follow the diurnal evolution and capture observed levels at the El Arenosillo station (correlation of 0.55; MNBE of À55.2%). Discrepancies between the model and observations are larger when industrial plumes are affecting the area, suggesting that there are still missing HONO sources in the model, which could be attributed both to industrial derived emissions and additional chemical pathways not included in the model.
The available surface for reaction is a key factor for HONO production via heterogeneous chemistry. HONO production stands out in urban areas, considered as active surfaces in the model, and main NO 2 focus in Spain. The effects of NO 2 hydrolysis on aerosol surfaces are negligible. Detailed kinetics parameterizations including the dependence on relative humidity and solar radiation density do not produce significant changes on HONO levels, at least for moderately polluted urban areas such as those considered in the present work. Previous modeling studies and field campaigns presented evidence of photolytic HONO sources that are not reproduced by our model, thus results shown in this study should be considered as a lower limit for possible effects of HONO on air quality levels.
HONO is quantified for the selected wintertime episode as the main OH source in the early morning in urban areas, with its contribution 26% higher than that attributed to O 3 photolysis in presence of water vapor. OH release affects particularly nitrate aerosol levels in urban areas, but also ammonium and secondary organic aerosols. Increases in PM 2.5 predictions up to 14% are quantified. This effect is especially important in wintertime conditions as those studied here, when major air quality problems are related to PM 2.5 levels in urban areas of Spain. O 3 and NO 2 show slight increases during morning in urban areas, however, maximum concentration predictions remain unaffected. The effects of HONO sources during photochemical pollution episodes, when O 3 levels are also a major concern, should be explored.
Further research is needed to provide better characterization of available ground surfaces for reaction, kinetics parameterization of heterogeneous reactions and other possible diurnal HONO sources, within air quality models. In the meantime, at least NO 2 hydrolysis on ground surfaces and direct traffic emissions should be included within modeling frameworks, as their impact on secondary pollutants is proven.
